Ischemia in the dog produces denervation of myocardium apical to the ischemic area. To investigate the mechanism(s) of the denervation, we tested the effects of hypoxia and some components of ischemia including high K', low pH, and adenosine on efferent cardiac autonomic responses. In anesthetized, open-chest dogs, we occluded a diagonal branch of the left anterior descending coronary artery and perfused it with hypoxic Tyrode's solutions (Po2<50 mm Hg). We found that effective refractory period (ERP) shortening induced by bilateral ansae subclaviae stimulation at myocardium basal and apical to the perfusing area did not change during a 20-25-minute period of perfusion with hypoxic normal Tyrode's solution. During perfusion with hypoxic combined Tyrode's solution containing 12 mM K', pH 6.8, and 10 uM adenosine, ERP shortening at basal sites induced by bilateral ansae subclaviae stimulation remained unchanged but was attenuated at apical sites (16± 1 to 8±1 msec, mean+SEM, n=35, p<0.001), and seven apical sites exhibited denervation (<2-msec shortening). The maximum extracellular K' concentration of the perfusing area, measured with a K'-sensitive electrode, was 5.1±0.9 mM (N=3 dogs) during perfusion with normal Tyrode's solution and was 11.8±0.1 mM (N=3 dogs) during perfusion with hypoxic combined solution (p=0.017). In a separate group of dogs, the effects of high K', low pH, and adenosine in the absence of ischemia were examined. Oxygenated Tyrode's solutions were instilled into the pericardial cavity to superfuse epicardial nerves. The Tyrode's solutions containing high K' (12 mM), low pH (6.4), or adenosine (10 ,M), individually or combined, reduced ERP shortening induced by bilateral ansae subclaviae stimulation in the ventricular intramyocardium to 46%, 55%, 56%, and 33% of each control value obtained during superfusion with normal Tyrode's solution and reduced the magnitude of ERP lengthening induced by bilateral cervical vagal stimulation to 57%, 71%, 61%, and 39%, respectively. ERP responses of the test sites to infused norepinephrine and methacholine, however, remained unaffected by superfusion with combined Tyrode's solution. Thus, high K', low pH, and adenosine each inhibit efferent sympathetic and vagal neurotransmission presynaptically in the canine heart and may contribute to the development of denervation during early ischemia. (Circulation Research 1990;66:289-301) Acute myocardial ischemia/infarction in the dog results in efferent sympathetic and vagal denervation of nonischemic myocardium situated apically to the site of ischemia/infarction.1'2 
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the loss of fluorescent nerve terminals4 or the loss of tyrosine hydroxylase and choline acetyltransferase activities in the ischemic myocardium5 and is reversible.3 Second, four 5-minute episodes of coronary occlusion, each separated by 5 minutes of reperfusion, do not attenuate efferent sympathetic and vagal responses of the apical myocardium and in fact reduce the degree of denervation produced by a subsequent 3-hour coronary occlusion.6 Third, even during sustained coronary occlusion, some apical sites that were designated initially as denervated spontaneously recover their response to neural stimulation. 2, 6 The cause of such neural dysfunction is unknown but could be due to at least two processes: the nerves themselves could become ischemic, or neural function could be affected by changes in the ischemic myocardium in which the nerves lie, where the extracellular K' concentration often exceeds 12 mM, the pH is less than 6.8, Po2 is less than 50 mm Hg, and extracellular adenosine concentration increases.7-12A final, but less likely, cause is that the nonischemic myocardium apical to the occlusion site could no longer respond appropriately to neurally released transmitters.
The purpose of this study was to test these possibilities by determining the effective refractory period (ERP) response of the nonischemic myocardium to 1) infused norepinephrine after coronary artery occlusion, 2) bilateral ansae subclaviae stimulation after coronary artery occlusion but during perfusion of the occluded vessel with hypoxic normal Tyrode's solution to prevent accumulation of ischemic metabolities or with hypoxic Tyrode's solution containing 12 mM K', pH 6.8, and 10 ,uM adenosine, and 3) bilateral ansae subclaviae and vagal stimulation during epicardial superfusion with Tyrode's solution containing high K', low pH, or adenosine, which would expose the epicardial nerves to the effects of some substances generated by the ischemic myocardium but would avoid the effects of ischemia.
Materials and Methods

Surgical Procedures
One hundred twelve mongrel dogs of either sex (18-25 kg) were anesthetized with secobarbital or pentobarbital (30 mg/kg i.v.), intubated, and ventilated with room air by use of a constant volumecycled respirator (model 607, Harvard Apparatus, South Natick, Massachusetts). To monitor arterial blood pressure a fluid-filled cannula was placed in the right femoral artery and connected to a transducer (Statham p-23Db, Gould, Cleveland, Ohio). A femoral venous cannula was used to infuse 100-200 ml/hr normal saline to replace spontaneous fluid losses. Lead II electrocardiogram was monitored throughout the study. The chest was opened through a median sternotomy. Dogs were placed on a heating pad, and the thoracotomy was covered by a plastic sheet. Epicardial temperature was monitored with a thermistor (model 400, Yellow Springs Instrument, Yellow Springs, Ohio) and was kept between 360 and 380 C by adjusting the proximity of an operating table lamp. The ansae subclaviae were isolated as they exited from the stellate ganglia, doubly ligated, and transected. The cervical vagi were also isolated, doubly ligated, and transected.
In dogs assigned to protocols 1 and 2 (see below), the heart was suspended in a pericardial cradle. A diagonal branch of the left anterior descending coronary artery was isolated carefully, and silk sutures were passed around the branch for later occlusion. Two hook electrodes were placed in midmyocardium basal to the isolated branch, and four additional electrodes were inserted apically (Figure 1 , panels A and B). These electrodes served as the cathode for unipolar stimulation to determine ERP. An anodal electrode was placed in the abdominal wall. A bipolar plunge electrode was inserted in the left ventricle to record activation.
In dogs assigned to protocol 2, a bypass circuit was created between the left subclavian artery and the diagonal branch. After heparinization (3,000 IU i.v.), silicone tubing that had an internal diameter of 3 mm and a three-way stopcock was connected to the left subclavian artery. A specially designed cannula (0.8 mm i.d.) was inserted into the lumen of the diagonal branch with its tip immediately distal to the ligation and was connected to the bypass tubing to reestablish blood flow. Flow rate was measured by a flowmeter (model 613, Biotronex Laboratory, Kensington, Maryland) through an electromagnetic flow probe (model BL-2032-F25, Biotronex Laboratory) ( Figure  1B) . A 22G Angiocath catheter (Desseret Medical, Sandy, Utah) was inserted into the local communicating coronary vein to drain off blood during infusion of hypoxic Tyrode's solution.
In dogs assigned to protocol 3 (see below), the pericardial cradling technique was modified to permit instillation of various solutions into the pericardial cavity to bathe the epicardial surface of the heart ( Figure 1C) , as reported previously.13 Through the pericardial opening, four hook electrodes were inserted in the anterior and posterior myocardium of the basal and apical left ventricle to a depth of 4-6 mm, and two additional electrodes were placed in the subendocardium of the right ventricular outflow and apex for ERP determination.
Measurement of Effective Refractory Period
The ERP was measured at six ventricular test sites by the extrastimulus technique, which employs a programmable stimulator (Krannert Medical Engineering, Indianapolis, Indiana) and a constant current isolator. Each ventricular test site was driven with a 2-msec rectangular cathodal stimulus twice the diastolic threshold, which was measured during each intervention. After a train of eight stimuli (S,) a late premature stimulus (S2) was introduced. The S,-S, an electrometer (model FD223, WP Instruments, New Haven, Connecticut), and a calibration line for each K'-sensitive electrode was obtained by plotting the potential difference against the log K' concentration. The electrodes used in the present study had a slope of calibration line of 57-60 mV per decade change in K' concentration. The electrodes were inserted with an introducer and hooked into midmyocardium of the anticipated center of the perfusing area (see protocol 2). The electrodes showed a transient increase in the potential difference in response to intravenous injection of 2 mM KCl. The potential difference was recorded on a Gould Brush 2800 recorder before and during a 20-minute period of regional perfusion with hypoxic Tyrode's solution. Myocardial extracellular K' concentration was determined by the changes in the potential difference values from the calibration line.
Preparation of Tyrode's Solutions
Normal Tyrode's solution and altered Tyrode's solutions of various compositions (Table 1) were used for regional perfusion and for epicardial superfusion (protocols 2 and 3, see below). In protocol 2, the solutions were deoxygenated by gassing with 95% N2-5% C02; this procedure resulted in Po2 of less than 50 mm Hg. The solutions used for protocol 3 were gassed with 95% 02-5% CG2; the resultant Po2 was 400-500 mm Hg. The solutions were prewarmed to 36°-38°C on a hot plate stirrer. Protocols Protocol 1. The effects of ischemia on ERP responses to neural stimulation and to infused norepinephrine were examined. Eight dogs underwent occlusion of a diagonal branch with injection of 0.3 ml latex. Latex was used to produce a dense transmural myocardial ischemia/infarction.1,2,15 Before and 10 minutes after coronary occlusion, the ERP was determined at six ventricular test sites ( Figure  1A ) in the baseline state and during bilateral ansae subclaviae stimulation (four dogs) or during intravenous infusion of norepinephrine at a constant rate of 0.25 gg/kg/min (separate group of four dogs).
Protocol 2. The effects of regional perfusion with hypoxic Tyrode's solutions on ERP responses to ansae subclaviae stimulation were examined. After a bypass circuit (described above) was established and blood flow rate through the circuit became stabilized, the ERP was determined in the baseline state and during bilateral ansae subclaviae stimulation. Then blood flow from the subclavian artery was discontinued, and the dogs underwent regional perfusion with hypoxic solutions at a constant rate through the bypass tubing using an external peristaltic pump (model 607, Harvard Apparatus) (Figure iB). The perfusion rate was set at a slightly higher level than the maximum spontaneous blood flow rate to minimize the effects of collateral blood flow. In the preliminary studies, we observed that methylene blue dye solution perfused at this setting stained the perfused area transmurally. To minimize the systemic effects of the hypoxic solutions, venous effluent was drained via the catheter inserted in the local communicating coronary vein ( Figure 11B ). Twelve dogs received hypoxic normal Tyrode's solution, and another 12 dogs received hypoxic combined solution (12 mM K', 6.8 pH, and 10 ,uM adenosine). The ERP determination was done in the same way as in the control determination, starting at 10 minutes after onset of the perfusion. Since it took 10-15 minutes for each set of ERP determinations, the perfusion was performed for 20-25 minutes. After completion of the ERP determination, the perfusion with hypoxic solution was stopped, and subclavian arterial blood perfusion was resumed. After waiting for 15 minutes, the ERP determination was repeated.
In a separate group of six dogs, extracellular K' concentration in the perfusing area was measured during hypoxic normal Tyrode's perfusion (three dogs) or during perfusion with hypoxic combined solution (another three dogs).
Protocol 3. Figure 2 shows that, 10 minutes after latex injection, ERP shortening induced by bilateral ansae subclaviae stimulation was unchanged at myocardium basal to the site of ischemia but was attenuated at the apical myocardium. Three of 14 apical test sites (21%) exhibited sympathetic denervation (<2-msec shortening). In contrast, ERP shortening elicited by infused norepinephrine was preserved at apical sites as well as at basal sites. ERP response to neural stimulation could not be determined in these five dogs. Data obtained from the remaining 10 dogs of the former group and from nine dogs in the latter group are shown in Figure 3 . The ERP data during blood perfusion after completion of the hypoxic perfusion were not obtained in two of the 10 dogs and in three of the 9 dogs, respectively, because these dogs failed to reestablish blood flow through the bypass circuit. The ERP shortening induced by bilateral ansae subclaviae stimulation at basal and apical sites remained unchanged during a 20-25-minute period of regional perfusion with hypoxic normal Tyrode's solution compared with the values obtained during blood perfusion before and after perfusion with hypoxic normal Tyrode's solution. During perfusion with combined solution, ERP shortening induced by bilateral ansae subclaviae stimulation remained unchanged at basal sites but was attenuated at apical sites, and seven of 35 apical sites (20%) developed sympathetic denervation. Fifteen minutes after restoration of blood flow to the perfusing area, the ERP 
Values are mean±SEM for the 10 dogs that received hypoxic normal Tyrode's (NT) solution and the nine dogs that received combined solution. MAP, mean arterial blood pressure; ERP, effective refractory period; arterial blood 1, measurement during subclavian arterial blood perfusion; arterial blood 2, measurement after restoration of subclavian arterial blood flow to the perfusing area after NT or combined solution; N, number of test dogs; n, number of ventricular test sites. *p<O0.05 vs. the first arterial blood perfusion. adenosine) significantly reduced the ERP response obtained from intramyocardial sites to 46%, 55%, 56%, and 33%, respectively, of each control value obtained during the first control superfusion with normal Tyrode's solution. The response was reversed after removal of these solutions from the pericardial cavity and instillation of normal Tyrode's solution except for the dogs that received the very low pH (6.4) solution. The 6.8 pH solution did not reduce the ERP response significantly for the group, although it caused denervation at one site. The frequency of sympathetically denervated sites during superfusion with each solution is shown in Table 4 . Figure 8 shows that the ERP lengthening induced by bilateral vagal stimulation during control superfusion with normal Tyrode's solution was suppressed by subsequent superfusion with combined Tyrode's solution. However, lengthening of ERP induced by intravenous infusion of methacholine remained constant. Discussion
Major Observations
The major observations from the present study were that 1) acute myocardial ischemia produced by latex injection into a diagonal branch attenuated the ERP shortening of myocardium apical to the ischemic area induced by efferent sympathetic nerve stimulation but did not affect the ERP response to intravenous norepinephrine, 2) occlusion of a diagonal branch and perfusion with hypoxic normal Tyrode's solution did not affect ERP shortening induced by efferent sympathetic nerve stimulation at basal and apical sites, while perfusion with hypoxic Tyrode's solution containing high K' (12 mM), low pH (6.8), and adenosine (10 ,uM) promptly attenuated the ERP response at apical myo- 13 These data indicate that both vagal and sympathetic axons are distributed superficially at some point in the heart, and their function is subjected to the effects of substances located in the pericardial fluid. Thus, using this model, we can examine the effects of certain substances on cardiac neurotransmission separately from their effects on the effector sites. Further, this model allows us to control precisely the concentration of the substances to be tested, eliminating the variables of blood flow and streaming inherent in the coronary perfusion approach. Steady-state conditions, however, might not necessarily have been met during epicardial superfusion with adenosine solution, since adenosine is known to be removed over time from pericardial infusate.20 Importantly, however, this technique totally avoids the influence on the results of any reduction in coronary blood flow produced by a cannulation model.
The present data demonstrate that 12 mM K', low pH of 6.4, and 10 ,.tM adenosine individually inhibit both efferent sympathetic and vagal responses. Since the responses of the test sites to norepinephrine and methacholine were unaffected, the effects of these substances can be attributed to presynaptic modulation. Lorenz In the ischemic area, extracellular K' concentration reaches 8-12 mM within 10 minutes after coronary occlusion.7-9 In preliminary studies, we observed that perfusion of an occluded diagonal branch with hypoxic normal Tyrode's solution did not prevent efferent sympathetic-induced increase in norepinephrine output in the effluent from the local communicating coronary vein in one dog (1,356 pg/ min without stimulation and 6,720 pg/min during stimulation), whereas perfusion with hypoxic Tyrode's solution containing 12 mM K' eliminated the increase in another two dogs (804 pg/min without stimulation and 684 pg/min during stimulation) (authors' unpublished data). These preliminary data also support the possibility that accumulation of K' in the extracellular space causes a failure of neurotransmission within the ischemic area.
The effect of low pH in the ischemic area is more complex. In addition to inhibiting neurotransmitter release, low pH also affects binding and storage of norepinephrine within the nerve terminals24 and inhibits neuronal reuptake. 25 In the present study, epicardial superfusion with the Tyrode's solution having a pH of 6.8, a degree of acidosis that can occur within a 10-minute period of ischemia,10 did not modulate efferent sympathetic and vagal responses. Therefore, it seems unlikely that a reduction in pH alone to 6.8 or higher causes denervation during early ischemia. On the other hand, the Tyrode's solution with a pH of 6.4, a level of acidosis that occurs after ischemia exceeding 15 minutes,10 caused sustained depression of efferent sympathetic and vagal responses after removal of the solution. Ciuffo et a126 have observed a prolonged depression in response to nerve stimulation in the myocardium that had been subjected to 25-minute ischemia. They found that augmentation in segment shortening in the postischemic myocardium induced by efferent sympathetic nerve stimulation remained depressed, while the responsiveness to systemic norepinephrine was maintained. Reduction of pH to a critical level during prolonged ischemia may contribute to this postischemic neural disturbance.
Adenosine inhibits neurotransmitter release from the sympathetic and parasympathetic nerve terminals in many species and tissues.27-32 Also it exerts postjunctional adrenergic antagonism.33,34 In the present study, we observed an inhibitory effect of adenosine on efferent sympathetic and vagal neurotransmission. Although the effect of adenosine in our model seems to be due to a presynaptic modulation, the precise mechanism responsible for its action remains uncertain. Adenosine in the solution might have acted by a presynaptic A1-receptor-mediated inhibition of neurotransmission32,35 and/or by changing membrane potential or conduction properties of the neurons.36 Whatever mechanism operates, it is likely that adenosine can cause denervation by interrupting neurotransmission presynaptically in the ischemic myocardium, since it accumulates in micromolar concentrations.11,12 Finally, the results from the present study that suggest a presynaptic action of adenosine do not preclude the possibility that adenosine might have a significant postjunctional effect also in different experimental settings, as suggested by several studies3738 performed in dogs.
Implications of the Study
During the early period of ischemia, it is likely that efferent sympathetic nerve input to the heart increases.39,40 The suppressive effects of high K', low pH, and adenosine on cardiac efferent sympathetic neurotransmission may help protect the ischemic myocardium from excessive catecholamine stimulation and modulate afferent reflexes. However, because metabolite concentration in the ischemic myocardium is spatially heterogeneous,78 it is likely that neural interruption is not uniform. The resultant autonomic imbalance may contribute to arrhythmia development during acute myocardial ischemia.
